The loss of morphological and physiological mechanisms that prevent self-fertilization is perhaps the most common evolutionary trend in the flowering plants. It is generally acknowledged that self-fertilization may often be favored by selection at the individual level, principally by providing reproductive assurance when conditions for vector-mediated pollination are poor and also because mating system modifiers that reduce the rate of outcrossing bias their own transmission. Inbreeding depression is accepted as the principal factor opposing the selection of selfing at the individual level, though this barrier may be transient because of purging of inbreeding load from natural populations. Here we explore the possibility that the selection of selfing may occur not only at the individual level but also at the group level. Accordingly, we model the selection of mating system modifier genes within and among populations and suggest that both levels of selection play a role in the evolution of the mating system. We find that selection among populations can maintain outcrossing through higher extinction rates of selfing groups and through reduced transition rates from outcrossing to selfing.
Introduction
The mating system is a major determinant of population variation and substructure, and hence, knowledge of a species' mating system is often of primary interest to both evolutionary biologists and breeders (Clegg 1980; Glemin et al. 2006) . Among the evolutionary transitions in the higher plants, the loss of mechanisms that enforce outcrossing is probably one of the most prevalent and widespread of all (Stebbins 1974; Barrett 2002; Igic et al. 2008) . Evolutionary biologists have long been fascinated by the paradox posed by the frequent occurrence of self-fertilization in the vascular plants on the one hand and by the poor performance of progeny produced through close inbreeding on the other (Darwin 1876; Charlesworth and Charlesworth 1987; Wright et al. 2008) .
In the past century, explanations for the evolution of selffertilization in plants have invoked a variety of factors and levels of selection. A major tension point in the past was the relative importance of group level selection. Geneticists such as Cyril Darlington (1939) and Kenneth Mather (1943) postulated that inbreeding could be favored under conditions in which there is an advantage to maintaining a narrow range of ''closely adapted'' genotypes, and accordingly, it was imagined that polygenic control of the level of recombination (e.g., obtained by some optimal combination of chromosome number, chiasma frequency, and cross-fertilization) could be the object of group-level selection. Selection was envisioned to fine-tune the recombination level and thereby to preserve coadapted gene complexes, allowing species to persist in their natural environments. This notion was accepted by G. Ledyard Stebbins (1950) as a partial explanation for the evolution of selfing, though he also noted the importance of individual-level selection, namely, the short-term advantage of autonomous seed set when pollinators are absent, a factor that Darwin (1876) had also emphasized in his work.
Along with George Williams's (1966) cogent and general arguments against the prevalence of group selection, field-based studies of plant mating systems carried out in the middle and latter half of the twentieth century led the way to today's emphasis on individual-level selective factors driving the evolution of selfing. For instance, the work of Herbert Baker (1953 Baker ( , 1955 , while recognizing the link between the reproductive system and population-level variability, stressed the importance of uniparental reproduction and autonomous seed set. David Lloyd's (1965, p. 131) classic study of the evolution of self-fertilization in the mustard genus Leavenworthia also concluded with an emphasis on individual-level selection (seed set under natural conditions), noting that ''the supposed ability of self-fertilized plants to produce more closely adapted offspring has not been a factor in the evolution of self-compatibility'' in this genus. Lloyd further promoted the importance of individual-level selection in the evolution of self-fertilization in his classic theoretical analysis of the factors affecting the selection of self-fertilization in plants (Lloyd 1979) . This has been one of the most influential articles on the topic because it lucidly demonstrates the several ways by which selfing may evolve by individual-level selection; other similar selection models for selfing published around this time include those of Maynard Smith (1978) , Nagylaki (1976) , and Wells (1979) .
There is now general agreement among evolutionary biologists that individual selection of selfing derives from the inherent transmission bias of a mating system modifier (Fisher 1941) and/or the ability of plants to set seed under conditions of poor pollination (Darwin 1876; Stebbins 1950; Baker 1953) . These factors alone can account for the recurrent evolution of selfing, but the advantages they impart may be counteracted by inbreeding depression, the reduced vigor of selfed compared with outcrossed progeny (Charlesworth and Charlesworth 1987) . Inbreeding depression as a genetic barrier to the spread of selffertilization can be mitigated by repeated generations of selection against deleterious recessive mutations in the homozygous state brought about by inbreeding (i.e., purging; Lande and Schemske 1985) , although there are also cases in which inbreeding depression levels are not strongly influenced by changes in the mating system (Byers and Waller 1999; Goodwillie et al. 2005) . The fact that inbreeding depression generally declines as self-fertilization spreads within a population suggests that there may be additional factors involved in the maintenance of outcrossing.
There are several lines of evidence that point to a role for group selection in the maintenance of outcrossing. For example, phylogenetic analyses of mating system diversity in related taxa often suggest that the transition to self-fertilization is unidirectional (Takebayashi and Morrell 2001; Beck et al. 2006; Igic et al. 2006 ; but see Ferrer and Good-Avila 2007) , that species-rich genera and higher taxonomic groups are rarely composed of a preponderance of self-fertilizing species (Stebbins 1974) , and that self-fertilization is often relegated to the tips of phylogenetic trees. In theory, high rates of self-fertilization are associated with reductions in the magnitude of neutral and potentially adaptive genetic variation maintained within populations (Charlesworth and Charlesworth 1995; Charlesworth and Wright 2001; Glemin et al. 2006 ) that may limit the capacity of selfing populations to respond adaptively to environmental change. A highly homozygous and genetically uniform population may also suffer fitness declines due to relaxed purifying selection (Kimura et al. 1963; Lynch and Gabriel 1990; Schultz and Lynch 1997) and/or the operation of Muller's ratchet (Heller and Maynard Smith 1978) . Although Darlington's and Mather's arguments that group selection favors some optimum level of recombination are now no longer widely accepted, it may nevertheless be worthwhile to reconsider the importance of group-level selection of mating systems, especially in light of the evidence for differences in rates of population extinction and diversification of predominantly selfing versus outcrossing plants. Accordingly, in this article we model mating system evolution in a metapopulation as the means to explore some of the factors that may operate when group-level selection is considered and that may lead to a stable mixture of selfing and outcrossing mating systems within a species. The models we present are admittedly simplistic. Our intent, however, is not to explore the quantitative aspects of mating system selection in a metapopulation. To do so would require detailed consideration of the underlying genetic basis of mating system variation and inbreeding depression, variation in rates of deme extinction, and exploration of the roles of migration among demes and the founding of demes in the metapopulation. Some promising quantitative treatments of the relevant factors have already begun to explore these issues (Ronfort and Couvet 1995; Higgins and Lynch 2001; Pannell and Barrett 2001; Ingvarsson 2002; Theodorou and Couvet 2002) . Instead, our focus is on the situation in which individual-and group-level selection for selfing oppose one another. The models we use are simple and heuristic in nature (e.g., Lloyd 1979; Morgan and Schoen 1997) and are intended to highlight some of the factors that may need to be treated in detail when considering the evolution of selfing in a metapopulation.
Theory and Modeling
Simple Multilevel Selection Model for the Evolution of Selfing Nunney's (1989) model for the maintenance of sex by group selection can be modified to handle some of the factors that apply to the evolution of self-fertilization. For example, some floral forms promote selfing and reproductive assurance when pollinators are rare but otherwise permit outcrossing (Lloyd and Schoen 1992) . As well, while selfing may be associated with the founding of new populations (Baker 1955) , inbreeding depression in these newly established demes may elevate extinction probabilities; accumulated load and loss of variation may further contribute to elevated extinction probabilities in selfing demes, as in asexual populations (Schultz and Lynch 1997 ).
The hierarchical model we develop applies principally to the evolution of selfing in a metapopulation of a single species. While in theory one could extend the approach we use to higher levels of taxonomic organization (e.g., species within a genus), to do so would require consideration of additional factors such as rates of diversification and speciation. To begin, we consider a single species that consists of a large number of populations (demes), some of which may become extinct and whose sites are repopulated (i.e., a metapopulation). Initially, this species is assumed to reproduce by outcrossing alone, but selfing variants may arise by mutation within one or more demes. For simplicity, we will assume that self-pollination has an advantage at the individual selection level, due either to automatic selection (in those populations in which inbreeding depression is not strong enough to present an obstacle to the spread of a selfing variant) or because of reproductive assurance (in those populations in which low pollinator activity limits full seed set). These individual-level advantages will be considered sufficient to favor the selection within demes of a selfing variant if it should arise. Since we are interested in the long-term outcome of mating system evolution, the transition from outcrossing to selfing will be considered instantaneous. Thus, the rate at which selfing variants arise within an outcrossing deme is denoted by u oÀ!s and is also assumed to be the rate of transformation of outcrossing to selfing demesthis rate can be thought of as the product of population size and the per-individual rate of mutation from outcrossing to selfing (the rate of occurrence of loss of function mutations at a self-incompatibility locus). Furthermore, outcrossing demes will be assumed to enjoy a reduced rate of extinction compared with selfing demes-this could be due to the lower load of deleterious mutations expected in outcrossers versus the load of mutations in selfers (Schultz and Lynch 1997) or to higher average levels of population genetic variation (Hamrick and Godt 1989; Schoen and Brown 1991) and effective recombination that allows them to better track environmental changes (compared to selfing demes). We denote extinction probabilities for outcrossing and selfing populations as e o and e s . The notion that all populations with contrasting mating systems differ in extinction rates by a constant amount, regardless of 120 other biological and environmental factors is, of course, an oversimplification. Moreover, it is likely that a number of generations would be required for the two types of populations to diverge in terms of extinction rates once mating system evolution occurs within a deme. Further exploration of the dynamics of extinction rates is likely to reveal complexities that are not treated in the model.
When a deme becomes extinct, it will be assumed that it is replaced by one of the remaining selfing or outcrossing demes in the metapopulation. The probability that a given deme is the one chosen to recolonize the site formerly held by the extinct deme is initially treated as independent of the mating system. Thus, if O and S represent, respectively, the number of outcrossing and selfing demes in the metapopulation at time t, an outcrossing deme is selected to recolonize an extinct deme with probability O/(O þ S), whereas a selfing deme is selected to recolonize with probability S/(O þ S); that is, migrants arrive into extinct demes from a ''migrant pool'' (Slatkin 1977) whose composition reflects the current makeup of the metapopulation with respect to mating system. We denote the number of extinct demes by E. The probability of deme replacement may, however, not be independent of mating system; differential likelihood of recolonization from demes with an alternative mating system will be incorporated into the above model in the sections that follow. Taken together, the basic elements described above lead to a simple compartment model ( fig. 1 ) whose dynamical behavior is captured by three differential equations:
Setting these equations equal to zero and solving for the equilibrium values of O leads to the following equilibrium proportion of outcrossing demes in the metapopulation:
Thus, once selfing invades the metapopulation by mutation, in order for outcrossing demes to be maintained, it is necessary for e s À e o > u oÀ!s . In other words, the extinction probabilities are the main drivers of the equilibrium. For example, suppose one wanted to account for a species in which 90% of the demes are composed of outcrossing plants. If outcrossing demes have zero extinction probability, the maintenance of outcrossing would require that for every selfing variant that arises and successfully invades an outcrossing deme, 10 selfing demes must become extinct. If the percentage of outcrossing demes in the metapopulation is 99%, then 100 selfing demes must become extinct for every successful transition from outcrossing to selfing. As Nunney (1989) pointed out in the case of the evolution of asexuality, excessively large extinction rates such as these seem improbable, and this raises the possibility that outcrossing within the metapopulation could be maintained by other types of group-level selection. One possibility that we explore is that there is selection for a low rate of mutational transition from outcrossing to selfing. This will be discussed below after we have introduced a few modifications to the basic model intended to incorporate additional biological features associated with mating system variation.
Colonization Probability Dependent on the Mating System
The simple model presented above does not allow for the possibility that plants from selfing and outcrossing demes may differ in their probability of colonizing sites formerly held by demes that have become extinct. For instance, individuals from selfing demes may be better colonizers due to reproductive assurance (Baker 1955) , or alternatively, outcrossing demes may harbor higher levels of genetic variation, which in turn could enhance the likelihood that migrants from them would successfully colonize new sites, for example, under a scenario of spatially varying environmental conditions. Differential colonization can be incorporated into the model by introducing a weighting factor for colonization, c, the relative colonization probability for outcrossers. For simplicity, we will assume that the total number of extinct demes at any given time is not influenced by differences in probability of colonization from selfing and outcrossing demes. This assumption may not hold if, for instance, selfing enhances the probability of founding demes in appropriate habitats never before occupied by the species, such that the overall number of demes comprising the metapopulation increases as the mating system evolves toward increased selfing. Nonetheless, if we are willing to assume that metapopulation size remains constant and that outcrossers have a reduced probability of recolonization compared with selfers (c < 1), migrants from selfing demes will fill the void and colonize extinct demes with probability ½S þ ð1 À cÞO= ðS þ OÞ. This modification gives rise to the modified dynamical equations: (1), (3), and (5).
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Comparison with the simplest model presented above is straightforward. Setting these equations equal to zero and solving for equilibrium values of O leads tô
If we assume that e o ¼ 0 and that selfers are twice as likely as outcrossers (c ¼ 0:5) to colonize extinct demes, then to account for a metapopulation in which 90% of the demes are composed of outcrossers, for every selfing variant that arises and successfully invades an outcrossing deme, 20 selfing demes must become extinct. If selfers are 10 times more likely to colonize empty patches, this ratio rises to 100. On the other hand, if individuals from outcrossing demes are more successful colonizers, the rate of extinction required to account for the same proportion of outcrossers is reduced. These results again raise the question of whether elevated extinction of selfing demes would be sufficient to maintain outcrossing in a metapopulation in which selfing is favored at the withindeme level.
Multilevel Selection of Selfing When There Is Variation in the Rate of Transition from Outcrossing to Selfing
In the models presented above, it has been assumed that the rate of mutational transition from outcrossing to selfing is itself a constant and not subject to evolutionary modification. In this subsection, we note that even though the majority of flowering plants are hermaphroditic and bear perfect flowers, there may nevertheless exist intraspecific variation in the ease in which selfing can evolve from outcrossing. The types of morphological and physiological changes that might allow self-fertilization to evolve vary depending on the floral and physiological characteristics of ancestral species in question. For example, in cases where heterostyly breaks down, a single mutation may be sufficient to produce a plant with a high rate of self-pollination in an otherwise predominantly outcrossing population. This may have been the case, for example, in the evolution of selfing in the boraginaceous species Amsinckia gloriosa, in which the long homostylous condition permits high rates of selfing (Johnston and Schoen 1996) . Single mutational loss of self-incompatibility could also occur in those self-incompatible (SI) species in which floral morphology permits deposition of self pollen on the stigma but where a functional SI system otherwise prevents selfing from occurring. On the other hand, in cases of more complex floral morphology, several mutations may be needed in order for autonomous selfing to evolve. For example, the simple mutational loss of self-incompatibility in a species with flowers that are highly dichogamous or that exhibit strong spatial separation of anthers and stigmas may be insufficient to permit rapid transition to a predominantly selfing form. Additional change in the timing and/or spatial separation of stamens and stigmas may be required, and these may require evolution at other loci.
Variation in the rate of transition from outcrossing to selfing within a single species may be incorporated into the simple model outlined above by initially allowing a range of transition rates to exist among the different outcrossing demes in the metapopulation. Let there be K total classes of outcrossing demes that differ in their transition rates to selfing and where the ith class has transition rate u oiÀ!s ( fig. 2 ). This is comparable to Nunney's (1989) model, in which transition rates from sexuality to asexuality are allowed to vary among species. Nunney examined the consequences of such variation via simulation, but it is also possible to examine such a model numerically. Modifying equations (1) to incorporate variation in transition from outcrossing to selfing, the dynamical equations become
In this model, the outcrossing deme class with the lowest rate of transition from outcrossing to selfing is selected and will eventually replace the other deme classes ( fig. 3) . Thus, modification of the simple model to allow variation in the rate of the outcrossing to selfing transition shows that, in theory, there can be interdemic selection for those demes with the lowest rate of transition from outcrossing to selfing.
Interaction between the Transition to Selfing and the Probability of Extinction
The modeling exercises above pose the question of what maintains the outcrossing state in hermaphroditic plants when individual selection favors the evolution of selfing. We have seen one possibility is that group-level selection in a metapopulation may bring about the evolution of reduced transition rates from outcrossing to selfing. This result is a specific example of the more general finding that group-level selection, if sufficiently strong to counteract individual selection, may favor the suppression of ''evolutionary pathologies'' (traits that threaten the survival of the group, e.g., imprudent predation, habitat overuse) by reducing the evolvability of such traits (Altenberg 2005). However, there may be other factors at play. In the model just considered, the transition rates from outcrossing to selfing were allowed to vary among demes, but the extinction rates of all classes of outcrossing demes were treated as independent of other demographical characteristics. This need not be the case, and in fact, there may be good reason to expect that the extinction rates of demes are not independent of rates of transition from outcrossing to selfing. To see why this may be so, it is useful to consider the various modes of selfing that have been described by Lloyd (1979) and Lloyd and Schoen (1992) . Certain modes of selfing (e.g., delayed selfing) involve autonomous self-pollination and may allow full seed set even when pollinators are in low abundance. In these instances, we expect the deme's selfing rate to be inversely related to pollinator activity; that is, when there are high levels of pollinator activity in such demes, plants will be predominant outcrossers, yet if pollinators largely fail or are lost from these demes, the mating system would make the ''immediate'' transition from outcrossing to predominant selfing.
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It is interesting to speculate that extinction rates of outcrossing demes that possess this potential for ''background'' (or backup) autonomous selfing may, in fact, be lower than rates of those that do not possess such mechanisms; that is, their ability to persist during periods of pollinator failure could provide a buffer against demographic instability. Such a relationship between extinction rates of outcrossing demes and transition rates from outcrossing to selfing might look like the function graphed in figure 4 . In this case, demes with low but nonzero transition rates would be favored, and the model suggests that some proportion of selfing demes will persist in the metapopulation; that is, the ability to evolve selfing from outcrossing will be retained. A prediction of this model, therefore, is that selfing species should often be composed of plants with the ability to self-pollinate autonomously. In fact, although autonomous selfing can be favored by individual selection alone (Lloyd 1979; Lloyd and Schoen 1992) , multilevel selection models outlined above provide yet another explanation as to why autonomous selfing may be a common mode of selfing in plants.
Discussion
We have motivated our simple models with the suggestion that selection against selfing at the group level may oppose selection for selfing that occurs within demes and thereby help to account for the preponderance of outcrossing among the flowering plants. These models make a variety of assumptions about the effects of self-fertilization on population fitness, extinction probabilities, and the establishment of newly selfing demes by migration and colonization. In the remainder of the article, we discuss some of the empirical evidence (or lack thereof) necessary to address the role of multilevel selection in the evolution of self-fertilization, along with some qualitative predictions that follow from these models.
Is Self-Fertilization Associated with Elevated Rates of Extinction in Nature?
Inbreeding is expected to inhibit the decay of linkage disequilibrium and result in reduced effective population size com- Fig. 2 Selection model of mating system evolution when outcrossing demes differ in rates of transition to selfing and in extinction rates.
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pared with outbreeding (Pollak 1987; Charlesworth 2003) . These effects on the genetic characteristics of the population should result in an elevated rate of accumulation of deleterious mutations, because of selective interference between loci under selection (Hill and Robertson 1966; Betancourt and Presgraves 2002) and/or because of a decrease in the efficacy of purifying selection (Kimura et al. 1963) . Since all natural populations are finite and experience some degree of inbreeding, there has been interest in testing the idea that restricted outcrossing leads to reduction in population fitness (Frankham 2005) . In general, evidence from a large number of plant species is consistent with a role for inbreeding in reducing effective population size and endangering population fitness (Paland and Schmid 2003; Tallmon et al. 2004) . Empirical evidence also suggests that self-fertilization, the most severe form of inbreeding, is the single most important factor reducing the effective size and effective recombination rate of natural populations (Glemin et al. 2006 ). For instance, in the model plant species Arabidopsis thaliana (in which populations have selfing rate of ca. 99%), analyses of sequence variation have shown a slight increase in the ratio of nonsynonymous to synonymous substitutions and the accumulation of transposable elements (Abbott and Gomes 1989; Wright et al. 2001; Bustamante et al. 2002) . Both an elevated rate of protein evolution and an increased density of selfish DNA are consistent with relaxed purifying selection against mildly deleterious mutations in highly inbred genomes.
Our models suggest that the extinction rate of selfing populations must be very high (e s ) e o ) to alone account for the predominance of outcrossing in a metapopulation. Moreover, if there is a low degree of genetic structure (F ST ; 0) among demes in the metapopulation, selection against self-fertilization at the population level should be relatively weak compared to selection at the individual level. That being said, the evolution of self-fertilization could increase the genetic structure of a metapopulation (Ingvarsson 2002; Charlesworth 2003) and thereby elevate the level of among-population variation on which group selection may act (Wade and Griesemer 1998) . The importance of population structure has been debated in theoretical discussions on the role of group selection in the maintenance of sexual reproduction, with most believing that the opportunity for group selection is limited (Williams 1966; Maynard Smith 1978) . It seems, however, that selection among highly inbred populations could, in theory, be effective, so it is important to determine whether this level of selection can limit or stabilize the spread of self-fertilization in naturally occurring metapopulations (sensu Stevens et al. 1995) . Application of the Price equation (Price 1972) to examine the contribution of individual-and group-level selection to the evolution of selfing may help to clarify this issue (e.g., see Frank 1987) .
Even if selfing populations do not experience mutation accumulation rapidly enough to counter selection of selfing at the individual level, the types of habitats often colonized by plants with uniparental reproduction could be associated with unpredictable or fluctuating conditions (Levin 1975; Lloyd 1980) , and this could lead to an association between selfing and elevated extinction probabilities. For example, there are some selfing taxa (e.g., Clarkia and Leavenworthia) in which the evolution of selfing occurs in populations at range margins (Lloyd 1965; Moore and Lewis 1965) , although this is by no means a generality. In order to examine the effects of selfing on population viability and longevity, studies should examine the consequences of a change in the rate of self-fertilization on population fitness (Busch 2006) . Furthermore, if we are to understand the potential role of among-population selection in the maintenance of outcrossing in flowering plants, we will have to address the relationship between rates of selffertilization and extinction in natural environments. While studying extinction rates among populations with variable mating systems may be difficult in nature, this approach has shown that inbreeding drives patch extinction in a butterfly metapopulation (Saccheri et al. 1998) . (5) in the case where there are four classes of outcrossing demes with transition rates to selfing ranging from u oiÀ!s ¼ 0:9 3 10 À4 to 1:2 3 10 À4 . In this example, the extinction rates of outcrossing and selfing demes are e oi ¼ 1:0 3 10 À4 (for all deme classes i ¼ 1; 4), and e s ¼ 5:0 3 10 À4 . Initial numbers of demes in each of the K classes is 250. Demes with high transition rates are lost, and there is selection for the demes with the lowest transition rate from outcrossing to selfing (u o1À!s ¼ 0:9 3 10 À4 ) leading to an equilibrium metapopulation consisting of ca. 775 outcrossing and 225 selfing demes. Iterations of equations (5) were carried out using Mathematica, version 3.0. Colonization is likely to be a powerful factor in the evolution of self-fertilization at the metapopulation level (Holsinger 1986 ). The question naturally arises as to whether the spread of alleles for self-fertilization realistically occurs as characterized in the models. In nature, the evolution of self-fertilization within a local deme is generally followed by declines in allocation to male function (Cruden 1977; Charnov 1982) . As a result, one might expect demes with the highest rates of self-fertilization to produce smaller total pollen pools and consequently export less pollen throughout the metapopulation. On the other hand, selfing demes may export more alleles via seed migration. It is not immediately obvious whether the effects of selfing on the joint rates of pollen and seed migration will be positive or negative.
Self-fertilization is likely to be associated with a colonization benefit because a single selfing seed can found a new population, as discussed by Baker (1955) . ''Baker's law'' was originally stated with respect to the notion of a colonization filter favoring the establishment of species with self-compatible mating systems on oceanic islands, although it also probably applies to any species in which populations exhibit turnover and are connected to one another by migration (Pannell and Barrett 1998; Pannell and Dorken 2006) . It seems probable that whenever there is competition among outcrossing and selfing plants to colonize empty patches, selection for selfing via this filter will be quite strong (c ( 1) in a metapopulation. If this factor were operating in nature, one might expect that strong metapopulation structure (high rates of extinction/colonization and relatively low migration) would support plant species with relatively high rates of self-fertilization or at least the ability to produce seed autonomously (Pannell and Barrett 1998) . The fact that the nature of metapopulation structure has been shown to influence selection for uniparental reproduction in groups that ancestrally have separate sexes further suggests that selection among demes has the potential to influence the spread of alleles causing self-fertilization (Pannell 1997; Obbard et al. 2006) .
How Can Natural Selection Reduce Transition Rates to Self-Fertilization?
Our final model incorporates variation among populations in their propensity to make the transition from outcrossing to self-fertilization. Variation at this level can occur through two primary mechanisms: (1) populations differ in the mutation rate at loci controlling selfing and/or (2) populations differ in the complexity of the underlying control features that maintain outcrossing because of underlying constraints on floral morphology or physiology. In the first case, populations that have a high probability of recruiting mutations for selfing would presumably undergo high rates of population extinction due to mutation accumulation at other loci that contribute to fitness. This hypothesis predicts that outcrossing groups will have experienced selection for reduced mutation rates at loci controlling self-fertilization. That being said, it seems unlikely that selfing groups will have higher rates of mutation at the subset of loci controlling gamete transfer alone, because selection against deleterious mutation should favor the evolution of lower genomewide mutation rates (Kondrashov 1995) . A recent study found no evidence for differences in the rates of deleterious mutation between closely related outcrossing and selfing species, although this work did not specifically address rates of mutation at the loci controlling self-fertilization (Schoen 2005) .
The genetic architecture of traits maintaining outcrossing can presumably influence the tempo of the transition from outcrossing to selfing. In cases where only a single mutation is necessary to allow outcrossing plants to become selfing, these mutations may rapidly increase in frequency until they equilibrate at a frequency determined by the conflict between the fertility benefit they provide and inbreeding depression (Lloyd 1979; Charlesworth 1988) . This is thought to be the case for mutations causing self-fertility in species with genetically controlled self-incompatibility systems (Marshall and Abbott 1984; Fenster and Barrett 1994; Royo et al. 1994; Tsukamoto et al. 2003) . In species that are self-compatible yet have morphological adaptations that prevent selfing, the genetic control of outcrossing is likely to be polygenic, as suggested by biometric and quantitative trait loci studies of the genetic basis of floral traits underlying mating system evolution in a variety of taxonomic groups (Shore and Barrett 1990; Holtsford and Ellstrand 1992; Fenster and Ritland 1994; Lin and Ritland 1997; Georgiady et al. 2002; Fishman and Stratton 2004; Goodwillie et al. 2006) . In these species, it may take many generations of selection to assemble a multilocus genotype capable of both self-pollination and self-fertilization. In such a situation, there can be selection against the most inbred (and therefore least fit) genotypes, with recurrent outcrossing restoring fitness to a subset of the population (Latta and Ritland 1993) .
The question remains, however, as to whether selection among demes has modulated the genetic architecture of outcrossing such that it is sufficiently complex so as to maintain widespread outcrossing, as outlined in the model we present. Indeed, an important question to ask, arising from the perspective of evolutionary transitions, is simply which factors, genetic, physiological, or developmental, determine the probability that a selfing form can arise rapidly in a population of outcrossing plants. Comparative studies may help to answer this question, but in the end, a firm understanding of floral development is likely to be more informative.
